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Abstract

Background. Papaverine is used to induce maximal hyperemia for index of coronary microcirculatory
resistance (IMR) measurement in animal experiments, although it can lead to polymorphic ventricular
tachycardia and ventricular fibrillation.

Objectives. This study investigated the effect of an intracoronary (IC) bolus of high adenosine triphosphate
(ATP) and nicorandil doses for IMR measurement and explored the possibility of inducing maximal hyperemia
with an IC alprostadil bolus.

Material and methods. Index of coronary microcirculatory resistance was measured in a hyperemic state
induced by 7 experimental conditions in 21 pigs (IC bolus of papaverine (18 mg), ATP (40 ug, 80 g, 160 g,
and 240 ug), and nicorandil (2 mg and 4 mg)). The 7 conditions were induced sequentially, and the average
IMR was calculated. Because of the long-term hyperemic condition in the pilot experiments, the IMR was
measured 1,3, 5,8, and 10 min after an IC bolus of alprostadil (10 ug) in another 7 pigs.

Results. The IMR induced by 240 g of ATP or 4 mg of nicorandil was not significantly different from that
induced by 18 mg of papaverine (both p > 0.05). A strong linear correlation was observed between IMRs
with papaverine (18 mg) and nicorandil (4 mg) (R?=0.936, p < 0.001) and with papaverine (18 mg) and
ATP (240 g) (R? = 0.838, p < 0.05). The IC bolus of nicorandil (4 mg) produced the smallest changes,
whereas papaverine caused the most significant changes in mean blood pressure and heart rate (p < 0.05).
Tachypnea and transient ST depression were more common with increasing ATP dosages (especially 240 ug).
Alprostadil (5 min) yielded a significant hyperemic response but reduced baseline blood pressure by almost
40% for along time.

Conclusions. Intracoronary bolus administration of 4 mg of nicorandil was better than 18 mg of papa-
verine or 240 ug of ATP for induction of maximal hyperemia and IMR measurement in a pig model, whereas
alprostadil was not suitable for IMR measurement.
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Introduction

ST-segment elevation myocardial infarction (STEMI)
usually results from acute thrombotic occlusion of a coro-
nary artery and is the leading cause of death or loss of ability
to live independently.! The goal of reperfusion therapy with
fibrinolytic drugs or primary percutaneous coronary inter-
vention (PPCI) is to restore blood flow to ischemic areas.
Although total ischemia times have improved significantly
recently for patients undergoing PPCI, in-hospital mortal-
ity and heart failure have remained virtually unchanged.?
As aresult, addressing coronary microvascular functional
and structural obstructions, which occur frequently even
after prompt epicardial recanalization of the infarct-related
artery and increase the risk of cardiovascular events regard-
less of the epicardial disease status, is an unmet need.?

The index of coronary microcirculatory resistance (IMR)
is a pressure-temperature sensor guidewire-based mea-
surement that is performed during cardiac catherization.*
The IMR is a specific quantitative measurement used to as-
sess coronary microvasculature function and shows a high
predictive capacity for the extent and severity of myocardial
infarction in patients with STEMI.5% Accurate IMR calcula-
tion requires a maximal steady state of coronary hyperemia.

Papaverine is the most commonly used pharmacologi-
cal agent and the gold standard for induction of maximal
hyperemia in animal experiments.” The peak effect oc-
curs 10-30 s after administration, with a plateau duration
of approx. 45-60 s.8 However, papaverine may induce Q-T
prolongation, which can lead to polymorphic ventricular
tachycardia and ventricular fibrillation.>* In addition,
an intracoronary (IC) bolus of papaverine induces a sig-
nificant increase in coronary venous lactate in both animal
experiments and patients with normal coronary arteries,
which suggests that papaverine may produce myocardial
ischemia.!’-13 Adenosine triphosphate (ATP) is a precursor
of adenosine that has a short half-life in plasma and is rap-
idly degraded into adenosine diphosphate, adenosine mono-
phosphate and adenosine. Significant coronary vasodilation
effects of ATP have been proposed to depend on its degra-
dation to adenosine via stimulation of adenosine receptor
A2aand not the direct action of ATP.1*In a clinical setting,
intravenous ATP (140 pg-kg-min~!) can induce a complete,
true, steady-state hyperemia and enable a pressure pullback
maneuver, although the optimal dosage of ATP adminis-
tered via IC bolus to induce a maximal hyperemic condi-
tion is controversial'; thus, the ideal dosage of the IC ATP
bolus needs to be further explored. However, no study has
investigated the hyperemic effect induced by larger dosages
of ATP for IMR measurement in animal experiments.

Compared with continuous intravenous infusion of ad-
enosine for IMR measurement, administration of a IC bolus
of nicorandil (2 mg) is a simple, safe and effective method
to induce steady-state hyperemia for invasive physiologi-
cal evaluation in a cardiac catheterization laboratory, but
the effectiveness of larger dosages of nicorandil has not
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been reported.!® Alprostadil, which is a coronary vasodila-
tor that acts on the microvascular system, was reported
to be safe and vasoprotective in patients with pulmonary
hypertension or chronic heart failure.}”!® Therefore, could
alprostadil be a new agent to induce coronary hyperemia?

Due to the difficulty in studying coronary microvascu-
lar dysfunction in patients with STEMI immediately af-
ter PPCI, animal experimentation is the proper research
approach. Therefore, in this study, we used papaverine
as the control group in a pig model to compare the effective-
ness and safety of inducing hyperemia with larger dosages
of ATP and nicorandil and the feasibility and the practi-
cality of inducing coronary hyperemia with an IC bolus
of alprostadil for measurement of the IMR. Our results
provide insights into the optimal administration method
and dosage needed to achieve hyperemia and accurately
measure the IMR in animal experiments.

Material and methods
Protocol

The Institutional Animal Care and Use Committee
of Guangzhou General Hospital of Guangzhou Military
Command approved the study protocol. All studies were
performed in accordance with the Animal Research Re-
porting In Vivo Experiments (ARRIVE) guidelines for
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Fig. 1. Outline of the hyperemic stimuli protocol

NTG - nitroglycerine; PAP — papaverine; NCR — nicorandil; ATP — adenosine
triphosphate; ALP — alprostadil; IMR — index of microcirculatory resistance.
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the reporting of animal experiments.!” The IMR was mea-
sured following induction by 7 experimental conditions
in 21 pigs (IC bolus of papaverine (18 mg), ATP (40 pg, 80 pg,
160 pg, and 240 pg) and nicorandil (2 mg and 4 mg)). To ex-
clude the possible influence of the sequence of pharmaco-
logical agents, measurements of the above 3 drugs were
performed in sequential order (i.e., ATP and nicorandil
were followed by papaverine in the 15 measurement, pa-
paverine and ATP were followed by nicorandil in the 2"
measurement, and nicorandil and papaverine were fol-
lowed by ATP in the 3'¢ measurement). In addition, due
to the long hyperemic condition induced in the pilot ex-
periments, the measurement of the IMR induced by 10 pg
of alprostadil was measured in an additional 7 pigs. An IC
bolus of nitroglycerine (200 pg) was administered before
each IMR measurement. Details of the experimental pro-
tocol are summarized in Fig. 1.

Animal preparation

Five days before the measurement, all 28 pigs received
aspirin (5 mg/kg nightly), clopidogrel (5 mg/kg daily), perin-
dopril (4 mg daily), and atorvastatin calcium (20 mg nightly).
General anesthesia was induced by intramuscular injection
of a mixture of ketamine (200 mg), Su-mian-xin (1.5 mL,
mixture of haloperidol, xylidinothiazole and dihydroetor-
phine) and midazolam (10 mg), and then maintained with
amixture of 8 mL of 0.9% sodium chloride, 2 mL of ketamine
(100 mg) and 40 mL of Propofol delivered continuously
with a medical syringe pump through a marginal ear vein
(8-18 mL per h). Oxygen was supplied at a rate of 2 L/min.
Penicillin (4.8 million units) was injected 30 min before
the experiment. After local injection of 10 mL of lidocaine
in the inguinal area, the right femoral artery was exposed
and isolated after skin incision and separation of subcutane-
ous tissue, and then a 6-French (6-F) size sheath was placed
in the artery. A 6-F JR3.5 guide catheter was inserted into
the left coronary artery through the arterial sheath. Then,
the animals were heparinized (100 U/kg IC, with another
2500 U added every h). Finally, a baseline angiography was
performed.

IMR measurement

After calibration, a 0.014-inch-diameter coronary pres-
sure wire (St. Jude Medical Systems, Saint Paul, USA) was
advanced into the distal area of the left anterior descending
coronary artery (LAD). The mean aortic pressure (Pa), mean
distal pressure of the LAD (Pd) and mean transit time (Tmn,
in seconds) of a 3x3 mL bolus of room-temperature saline
injected into the coronary artery were recorded at base-
line through the 6-F guide catheter and the pressure wire.
Then, a mixture of 0.9% sodium chloride and 1 hyperemic
drug was injected into the left coronary artery through
the 6-F JR3.5 guide catheter to induce maximal hyperemia.
When the maximal steady state of coronary hyperemia was
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reached, a 3x3 mL bolus of room-temperature saline was
injected into the coronary artery, and the Pa, Pd and Tmn
were recorded. The IMR was calculated as the mean Tmn
multiplied by the Pd. The next measurement could not be
made until the Pa, Pd and heart rate recovered from the hy-
peremic level to the baseline level after an interval of sev-
eral minutes. Seven conditions were investigated; under
each condition, the IMR was measured as described above
in sequential order, and the average IMR value was calcu-
lated for analyses among the 21 pigs. In addition, the time
of the pressure drop from the basic to the maximal hy-
peremic state and the duration of the maximal hyperemic
condition were recorded under every condition. The IMR
induced by alprostadil (10 pug) was measured in another
7 pigs due to the long hyperemic condition at 1, 3, 5, 8, and
10 min after the IC bolus. In all cases, a 12-lead real-time
electrocardiogram (ECG) monitor system recorded the to-
tal ECG waveform, including the ventricular premature
beats, ventricular tachycardia, ventricular fibrillation and
ECG ST and T wave changes.

Statistical analyses

All statistical analyses were performed using SPSS v. 21.0
(IBM Corp., Armonk, USA). Categorical data was present-
ed as a frequency or a percentage, and differences among
groups were analyzed using the x? test. Continuous data
was presented as medians with standard deviations (SD)
or medians and interquartile ranges (25™-75%). Differences
in the IMR obtained with different hyperemic methods
were analyzed using repeated measures analysis of variance
(ANOVA). If the overall difference was significant, then
a pairwise comparison was conducted. The Bland—Altman
plot of the IMR was used to compare 2 hyperemic effects.
A p-value <0.05 (two-sided) was considered significant.

Results
Study animals

A total of 28 pigs with an average body weight
of 21.2 +2.1 kg received IMR measurements. Twenty-one
pigs were induced by papaverine (18 mg) and different doses
of ATP (40 pg, 80 g, 160 ug, and 240 pg) and nicorandil
(2 mg and 4 mg) through IC bolus administration. Con-
versely, 7 pigs were induced by alprostadil alone. Four pigs
died during the experiment, each due to one of the follow-
ing reasons: hemorrhagic shock, an anesthesia accident, left
main coronary thrombosis, and reperfusion arrhythmia.
A total of 51 measurements were completed for each hy-
peremic drug dosage when the maximal hyperemic condi-
tion was induced in 17 pigs. In another 7 pigs, the time
required for the recovery of the Pa, Pd and heart rate from
the hyperemic to the baseline level after an IC bolus of al-
prostadil was almost 32 min, and a significant hyperemic
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Table 1. Comparison between 4 drugs used to induce hyperemia

Papaverine

18 mg

Nicorandil
4 mg

Alprostadil
10 pg

(n=51) (n=51) (n=7)
Baseline characteristics
Male [%] 17 (80.9%) 17 (80.9%) 17 (80.9%) 7 (100%)
Body weight [kg] 21.7 (19.5-234) 21.7 (19.5-23.4) 21.7 (19.5-234) 24.0 (21.5-25.3)
Death [%] 4(14.3%) 4 (14.3%) 4 (14.3%) 0 (0%)
Baseline Pa [mm Hg] 110 (101-120) 109 (101-118) 110 (102-121) 101 (97-108) 0.21
Baseline Pd [mm Hg] 108 (99-117) 107 (99-117) 109 (101-118) 98 (91-104) 0.116
Baseline HR 78 (72-85) 80 (75-88) 81 (78-85) 72 (64-77) 0.059
Hyperemic efficacy
FFR 0.95 (0.94-0.96) 0.92 (0.89-0.97) 0.92 (0.90-0.95) 0.95 (0.94-0.96) 0.000
IMR 11.5 (9.8-13.1) 11.6 (10.0-12.9) 11.3(9.2-13.7) 9.6 (7.2-11.5) 0.213
CFR 4.1 (39-44) 3.6(33-3.8) 4.1 (3.8-43) 3.5(31-3.9)* 0.000
Time to the lowest IMR [s] 15.7 (14.0-17.0) 12.8 (11.0-14.0) 17.7 (16.0-20.0) 0.000
Plateau time [s] 49.0 (49.0-52.0) 24.7 (22.0-27.0) 30.3 (27.0-33.0) 0.000
Tmn [s] 0.16 (0.13-0.19) 0.15(0.13-0.17) 0.14 (0.11-0.16) 0.15(0.12-0.16) 0.005
Side effects

APa [mm Hg] 33 (29-36) 26 (20-30) 19 (14-21) 33 (31-39) 0.000
AHeart rate 38 (32-45) 27 (25-29) 20 (18-23) 26 (22-29) 0.000
R** >20, n [%] 2(1.7) 11 (64.7) 1(59) 7(100)
APR interval [ms] 0(0) 0(0) 0(0) 0(0)
ST depression, n [%] 0(0) 4(23.5) 0(0) 0(0)
Serious AV-nodal block, n [%] 0(0) 0(0) 0(0) 0(0)

Values given are medians (interquartile range, 25""-75") or rate.

a the value obtained 5 min after alprostadil administration.

* the value obtained 1 min after alprostadil administration.

**R - respiratory rate; Pa — mean aortic pressure; Pd — mean distal pressure of the left anterior descending coronary artery; FFR — fractional flow reserve;
IMR — index of microcirculatory resistance; CFR — coronary flow reserve; Tmn — transit mean time; APa - difference in the mean aortic pressure between
the maximal hyperemic condition and the baseline level; AHR - difference in the heart rate between the maximal hyperemic condition and the baseline

level; AV — nodal block, atrioventricular block.

condition continued for nearly 10 min; therefore, the IMR
was measured 1, 3, 5, 8, and 10 min after alprostadil ad-
ministration. The hyperemic efficacies of the 4 drugs are
presented in Table 1.

IMR induced by ATP

A significant decrease was observed in the IMR with
increasing ATP dosages from 40 pg to 240 pg (p-value
for trend <0.05). No significant difference was observed
in the IMR induced by 240 ug of ATP compared to that in-
duced by 18 mg of papaverine (11.6 +2.2vs 11.5 +2.4, p > 0.05),
but a significant difference was found in the IMRs induced
by 40 pug, 80 ug and 160 pg of ATP (22.2 +7.9, 15.3 +4.5 and
13.2 £3.3, respectively, vs 11.5 2.4, all p < 0.05). A strong
linear correlation was found between the IMRs induced
with the IC bolus of papaverine (18 mg) and ATP (240 pg)
(R? = 0.838, y = 0.812x+2.219, p < 0.05). The agreement
between the 2 sets of measurements was good, with a mean
difference of 0.06 and SD of 0.44. In all measurements,
the values of 1.9% (1/51) of the measurements were beyond

the 95% confidence interval (95% CI). As the ATP dosage
increased, the fractional flow reserve (FFR) gradually de-
creased (p-value for trend <0.05) and the coronary flow
reserve (CFR) increased from the lowest measurement
at the 40 pg dosage to the highest at 240 pg (p-value for
trend <0.05). Similar to the IMR, significant differences
were found in the FFR and CFR induced by 240 pg of ATP
compared with those induced by papaverine (both p < 0.05).
Under the 240 pg dosage, a significant difference in the de-
creases in the mean arterial pressure and heart rate change
were found between papaverine and ATP (p < 0.05). De-
tailed results are illustrated in Fig. 2, 3 and 5.

IMR induced by nicorandil

The IMR induced by nicorandil (2 mg) was higher than
that induced by papaverine (18 mg) (13.6 +2.1 vs 11.5 +2.4,
p < 0.05), whereas the IMR induced by the IC bolus
of nicorandil (4 mg) (11.3 +2.0) was nearly equal to that
induced by the IC bolus of papaverine (18 mg) (11.5 +2.4)
(p =0.999). A strong linear correlation was found between
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Fig. 2. Comparison of the IMR induced by an IC bolus of ATP, NCR, ALP and
PAP in the non-stenotic LAD

PAP — papaverine; NCR - nicorandil; ATP — adenosine triphosphate;

ALP - alprostadil; IMR — index of microcirculatory resistance.

4 The IMR value was measured under the hyperemic condition 5 min after
administration of alprostadil.

the IMRs with the IC bolus of papaverine (18 mg) and nicor-
andil (4 mg) (R% = 0.936, y = 1.071x — 0.987, p < 0.001).
The agreement between the 2 sets of measurements was
good, with a mean difference of 0.17 and a SD of 0.45. In all
measurements, the values of 3.9% (2/51) of the measure-
ments were beyond the 95% CI. A significant difference
was observed in the FFR between the groups that received
the IC bolus of nicorandil (4 mg) and papaverine (18 mg)
(p < 0.05), but these differences were not found in the CFR
(p > 0.05). Compared to the IC bolus of papaverine, fewer

B 1.05-
1.02 -

0994  0.96 0.95

*®
094 093 0.92 0.95

*
092 095

0.96 1
0.93 1

FFR

0.90 1
0.87 A
0.84 1
0.81 1

Q

>
R™Y Q¥ N QY
® e g g s

AHR

R & & © &
ISEESEFNE

Fig. 3. Comparison of the CFR, FFR, APa, and AHR induced by an IC bolus of ATP, NCR, ALP, and PAP in the non-stenotic left coronary artery

CFR - coronary flow reserve; FFR - fractional flow reserve; APa — difference in the mean aortic pressure between the maximal hyperemic condition and
the baseline level; AHR - difference in the heart rate between the maximal hyperemic condition and the baseline level.
The units of ATP40 (ATP80, ATP160, ATP240, ALP10) and NCR2 (NCR4, PAP18) were ug, and mg, respectively.

*Compared with 18 mg of papaverine, p < 0.05.
4 The CFR value obtained 1 min after alprostadil administration.
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changes were detected in the mean blood pressure and
heart rate in the measurements that received the IC bolus
of nicorandil (both p < 0.05). Detailed results are illustrated
in Fig. 2, 3 and 5.
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Individual IMR values among the papaverine (18 mg),
ATP (240 pg) and nicorandil (4 mg) hyperemic induction
groups are shown in Fig. 4.

IMR induced by alprostadil

After receiving an IC bolus of alprostadil (10 pg), the IMR
decreased gradually and bottomed out within 5 min before
increasing slowly. Compared with papaverine, alprosta-
dil yielded a stronger hyperemic response with a lower
IMR (5 min), but the difference did not reach significance
(9.6 £2.2vs 11.5 £2.4, p = 0.639). The IC bolus of alprostadil
caused large changes in the mean blood pressure, including
an almost 40% reduction compared with the baseline blood
pressure, and the heart rate also changed greatly. Detailed
results are illustrated in Fig. 3 and 6.

Side effects during induction
of maximal hyperemia

Of'the 4 drugs, the IC bolus of nicorandil (4 mg) produced
the smallest changes in the mean blood pressure and heart
rate; in contrast, alprostadil and papaverine caused the most
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Abbreviations are as described in Fig. 1.



Adv Clin Exp Med. 2019;28(10):1409-1418

0 2 4 6 8 10

T T T T T T T T T T
L % *
19.2 -
S 144t -
96 -
48 & . 1 . ] L 1 L 1 . 1 =
0.99 |- -
0.96 T T T 4
i I T 1
0.92 -
0.89 -
c " 1 " 1 " 1 " 1 " 1 k|
£ 1 ]
E 28 |- * -
s .
S 14r -

0 1 1 1 1 " 1 L 1 1 1
44 | .
e 33T —
T - -
< 22+ *
1 F -

" 1 " 1 " 1 " 1 " 1

0 2 4 6 8 10

time [min]

Fig. 6. Comparison of the IMR, FFR, APa and AHR under hyperemic
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of alprostadil (10 ug) in the non-stenotic left coronary artery

Abbreviations are as described in Fig. 1.
* Compared with the value obtained 5 min after administration of an IC
bolus of alprostadil, p < 0.05.

significant changes in the mean blood pressure and heart
rate, respectively (p < 0.05). Side effects were more common
with increasing ATP dosages, especially at the 240 pg dose,
including tachypnea and transient ST depression. No sig-
nificant changes in the PR, QRS or QT intervals on the ECG
were noted, even at the highest dose administered, and no
atrioventricular blocks occurred. Detailed results are il-
lustrated in Table 1 and Fig. 3 and 6.

Discussion

In patients with STEMI, coronary microvasculature dys-
function occurs after complete reperfusion with a preva-
lence ranging from 5% to 50%.2° Consistent evidence has
shown that coronary microvasculature dysfunction has
a strong negative impact on the prognosis, including effects
on the potential benefits of percutaneous coronary inter-
vention and an increase in the risk of early post-infarction
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complications, adverse left ventricular remodeling, late-
onset heart failure, and mortality.?'~2* Identifying a simple,
reliable and convenient method to independently diag-
nose coronary microvasculature dysfunction is crucial for
the initiation of timely treatment and effective restoration
of microcirculation function. The IMR is a specific quan-
titative indicator for the assessment of coronary microvas-
culature function that is applied in most physiological as-
sessments of myocardial blood flow but requires a maximal
steady coronary hyperemic condition to achieve accurate
measurement.®?*

Although perfusion of myocardial tissues has been re-
stored in a timely manner and the condition of patients with
STEMI has improved, they remain in critical condition and
still need close observation to maintain life. There are many
difficulties in the study of coronary microvascular dysfunc-
tion in patients with STEMI immediately after reperfusion.
Therefore, investigations of the assessment methods in ani-
mal models and interventional studies of coronary micro-
circulation dysfunction after experimental STEMI could
have great value. An ideal animal model should present
with cardinal signs and pathology that resemble the human
disease. Quality preclinical data offers valuable insights for
translational research. Pigs resemble humans in the context
of minimal preexisting coronary collaterals and similar
coronary anatomy and physiology and, therefore, are com-
monly used in animal experiments of myocardial infarc-
tion.? In this study, we compared the hyperemic effects
of different pharmaceutical agents on IMR measurements
using a pig model.

As a precursor of adenosine, ATP is equivalent to ad-
enosine for both CFR and FFR measurements. The current
recommendation for IC ATP dosing is 60 pg in the left
coronary artery; if necessary, the dosage can be increased
incrementally by 30 pg to a maximum of 150 ug.?¢ How-
ever, the ideal dosage of the IC route is a controversial issue
that has been addressed in several clinical reports.?’~30

According to previous reports!*!° that used 18 mg of pa-
paverine as the control group, we compared the differences
in the IMRs induced by 40 pg, 80 pg, 160 pg, and 240 ug
of ATP via the left coronary artery. A significant dose-
dependent relationship was observed with hyperemia, with
the higher dosage yielding a better hyperemic response.
The higher dosage of ATP resulted in a significantly lower
IMR than the lower dosages. The lowest IMR was induced
by 240 pg of ATP, and the highest was induced by 40 pg
of ATP. Based on the IMR measured following IC infusion
of 240 pg of ATP, this condition was the only experimental
condition that generated hyperemia comparable to that ob-
tained with 18 mg of papaverine, whereas 40 pg, 80 pgand
160 pg of ATP did not induce comparable states. Mean-
while, significant differences in the IMR were induced
by the 4 ATP dosages. No difference in the IMR was found
between the groups administered the IC bolus of ATP
(240 pg) and papaverine (18 mg); and a strong linear corre-
lation existed between the IMRs induced with the IC bolus
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of papaverine (18 mg) and ATP (240 pg), although only
1IMR value was beyond the 95% conformance scope. This
result indicated that the hyperemic effects on the IMR in-
duced by the 2 agents were equivalent. Similar to the IMR,
significant differences were found in the FFR and CFR
induced by 240 ug of ATP compared with the effects in-
duced by papaverine. These results showed that the current
recommended dosage of IC ATP is not sufficient in animal
experiments; thus, a higher dosage is essential to ensure
an adequate hyperemic response. This conclusion is sup-
ported by several studies. Jeremias et al. compared the ef-
fect of ATP on the measurement of the CFR in 6 healthy
mongrel dogs. Their results showed a dose-dependent
relationship of the CFR with IC administration of ATP
via the non-stenotic left circumflex coronary artery, with
the largest value induced by the maximal dosage.?” Casella
etal. suggested that an IC bolus dosage up to 150 pg should
be better; for the standard doses, 10% measurement values
may be underestimated.?® Leone et al. demonstrated that
only much higher doses (600 pg) produced real hyperemic
efficacy.” Lower doses of the drug are associated with
an inferior diagnostic accuracy, and thus, a higher dosage
may be required.

The FER dropped slightly as the ATP dosage increased.
The mean FER values were very similar under all experi-
mental conditions, and the difference between the highest
and lowest values was only 0.04. This finding also differed
from those of some previous studies on epicardial coronary
stenosis,*"*? including angiographically intermediate ste-
nosis, multivessel disease, and sequential stenosis. The dis-
crepancy could result from the epicardial arteries being
normal in our study. This finding indicated that the ef-
fects of different administration dosages on the normal
epicardial coronary artery were similar. Unlike the FFR,
the CFR increased slightly as the ATP dosage increased,
and significant differences in the CFR were observed be-
tween the groups that received the IC bolus of ATP (40 pug,
80 ug and 160 pg) and papaverine (18 mg).

Due to opening of ATP-sensitive potassium channels
in coronary resistant arterioles and its possession of a ni-
trate moiety effect, nicorandil has been used as an anti-
anginal drug for several years.3*-3> Recently, nicorandil has
been used for invasive physiological assessments as a novel
hyperemic agent in the cardiac catheterization laborato-
ry.2%37 In our study, 2 mg of nicorandil yielded a weaker
hyperemic response with a higher IMR than 4 mg of nicor-
andil or 18 mg of papaverine, indicating that maximal
hyperemia in the animal body was not achieved by lower
dosages. No difference in the IMR was induced between
the IC bolus of nicorandil (4 mg) and papaverine (18 mg),
and a strong linear correlation existed between the IMRs
obtained with the IC bolus of papaverine (18 mg) and
nicorandil (4 mg), with only 2 IMR values beyond the 95%
conformance scope. This finding indicated that the hy-
peremic effects on the IMRs induced by the 2 agents were
equivalent. The FFR value induced by 4 mg of nicorandil
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was much lower than that of papaverine, but no significant
difference in the CFR was observed.

Our results showed that the effect of nicorandil on in-
ducing maximal hyperemia appeared to contradict the re-
sults of some previous studies. Jang et al. compared the ef-
fect of nicorandil on the measurement of the IMR and FFR
with adenosine as the clinical agent.!® The study suggested
that the hyperemic effect of an IC bolus of 2 mg was equal
to that of the IV standard dosage of adenosine and was
superior to the effect of an IC bolus of adenosine (80 pg),
Tanaka et al. reported that no further decrease occurred
in the FFR at nicorandil doses over 2 mg.38

Several factors may explain the differences between
the clinical setting and the experimental results, such as in-
trinsic differences in coronary anatomy, differences in drug
metabolism or different heart sizes between pigs and hu-
mans. Some studies have reported that despite the similar-
ity of the coronary arterial system with respect to morphol-
ogy and size and even the capillary diameter between pigs
and humans, slight differences exist.?>3 In addition, in our
study, we used IMR instead of FFR or CFR as the main ob-
servation index, which was different from previous studies.
The IMR is a reliable measurement that has been specifically
dedicated to assessing coronary microvascular dysfunction,
and changes in the IMR reflect fluctuations of the microcir-
culation condition induced by hyperemic agents in the same
vessel. Conversely, as a modification of the translesional
pressure gradient, the FFR detects clinically relevant lumen
narrowing of the epicardial coronary artery.

The IC bolus of nicorandil (4 mg) and ATP (240 pg) were
both slower in reaching maximal hyperemia than papaver-
ine. However, the hyperemic duration was longer than that
obtained with an IC bolus of papaverine. The peak effect
time of maximal coronary hyperemia for ATP (240 ug) and
nicorandil (4 mg) lasted 25 s, whereas the peak effect time
of papaverine was 20 s. In our study, an average of 4 s was
required to finish injecting a 1x3 mL bolus of room-tem-
perature saline into the coronary artery, and thus, the peak
effect time was adequate for experienced hands (but not
new learners) to conduct measurements of a 3x3 mL bolus
of saline during the experiments.

Alprostadil is a potent systemic vasodilator with im-
portant endogenous flow-regulating activity to maintain
blood flow to vital organs.*® This study is the first to evalu-
ate the coronary hyperemic effect of alprostadil via IC
bolus in IMR measurements in pigs. After administration
of an IC bolus of alprostadil, the systemic blood pressure
decreased immediately; the fastest rate reduction was
nearly 30—-40% in the first 2 min, and the significantly
lower pressure lasted for more than 10 min. Thirty-two
minutes later, the systemic blood pressure recovered from
the hyperemic condition to the baseline level. As a result,
IMR measurements were performed in an additional 7 pigs
at1,3,5,8,and 10 min after the IC bolus. The maximal hy-
peremic effect of alprostadil occurred 5 min after adminis-
tration. Alprostadil produced a lower IMR than papaverine,
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but the difference in the IMR was not significant between
the 2 drugs. The significant disadvantages of an IC bolus
of alprostadil were drastic fluctuation of blood pressure
and the long hyperemic duration time, which might influ-
ence vital organ perfusion. Thus, administration of an IC
bolus of alprostadil is not suitable to produce a hyperemic
response for IMR measurement.

During the experiments, blood pressure and heart rate
were the most vulnerable measurements. Alprostadil caused
the most severe decrease in the mean blood pressure, and
papaverine led to the largest increase in the heart rate and
decrease in the mean blood pressure. Conversely, an IC
bolus of nicorandil (4 mg) produced the smallest changes
in the mean blood pressure and heart rate, whereas the in-
fluence of ATP was at the mid-level of the 4 pharmaceutical
agents. The most notable side effect of IC administration
of ATP was a slight increase in tachypnea and transient ST
depression. We did not observe any atrioventricular block
or other changes in the PR and QRS intervals on the ECG,
even at the highest dose. Therefore, as a safe and effective
agent, 4 mg of nicorandil seems to be useful in animals with
lower blood pressure, and 240 pg of ATP is a safe and valid
agent to induce hyperemia via IC bolus administration,
although it produced more side effects than nicorandil.

The study has several limitations that need to be ad-
dressed. Firstly, the dose-response relationship could be
further confirmed by including other dosages of ATP, such
as 180 pg, 200 pg or 220 pg. Secondly, we investigated only
the hyperemic state in the left coronary artery in this study
and did not examine that of the right coronary artery. Future
studies will be required to confirm our results in the right
coronary artery. Thirdly, the left coronary arteries of pigs
were normal in this experiment without angiographic steno-
sis (i.e., 40—-70%). Whether the results of normal arteries are
same as those obtained with arteries with lesions is unclear.

Conclusions

In conclusion, both ATP and nicorandil are safe drugs
that can achieve coronary hyperemia for the measurement
of IMR in the left coronary artery; importantly, only higher
dosages (240 pg of ATP or 4 mg of nicorandil) produced
a hyperemic condition equivalent to papaverine in ani-
mal experiments, and nicorandil had fewer side effects
than papaverine and ATP. Alprostadil is not suitable for
inducing maximal hyperemia due to the severe decrease
in blood pressure.
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